Introduction {#s01}
============

Epithelia are highly organized tissues that line the inner and outer surfaces of metazoans and fulfill various functions. Polarized epithelial cells form apical and basolateral plasma membrane domains, which are divided by junctional complexes ([@bib3]; [@bib47]; [@bib38]) and differ in their protein and lipid composition. Certain transporters, ion channels, and enzymes, as well as phosphatidylinositol phosphates ([@bib35]), are specifically enriched in apical or basolateral membranes. This compartmentalization is established and maintained by different proteins that control membrane transport reactions, including Rab small GTPases, motor proteins, and t-SNAREs ([@bib16]; [@bib34]; [@bib68]; [@bib32]). The routing of exocytic carrier vesicles toward the apical plasma membrane, membrane tethering, and subsequent fusion is mediated by an evolutionarily conserved cascade of Rab small GTPases, i.e., Rab8 and Rab11 ([@bib5]; [@bib3]; [@bib10]; [@bib18]). This process is essential to establish homeostasis of polarized epithelial cells and allows them to accomplish their physiological role, e.g., resorption and secretion as executed by the gut mucosa or renal tubule epithelium.

Defects in establishing and/or maintaining epithelial polarity often result in disease. Microvillus inclusion disease (MVID; [@bib9]) or polycystic kidney disease ([@bib7]) are prominent examples. MVID is a rare autosomal-recessive enteropathy, manifesting within a few days or several months after birth (early or late onset, respectively). It is characterized by intractable diarrhea leading to life-threatening dehydration and metabolic acidosis ([@bib9]; [@bib50]). The only treatment available so far is life-long parenteral nutrition or small-bowel transplantation ([@bib50]). The small intestine of MVID patients displays severe villus atrophy. At the subcellular level, the enterocytes show a variable loss of brush border microvilli, subapical accumulation of different kinds of vesicles (including periodic acid--Schiff \[PAS\]--positive secretory granules; [@bib42]), and vacuoles lined by microvilli, so-called microvillus inclusions ([@bib9]).

Previously, we identified mutations in *MYO5B* to be causative for MVID ([@bib37]; [@bib51]) in the majority of sequenced patients ([@bib65]). Myosin Vb (Myo5B) is an unconventional actin motor protein capable of both a tethering ([@bib44]) and an active walking motion ([@bib57]; [@bib20]). Myo5B localizes to the apical compartment in polarized epithelial cells and was shown to interact with Rab small GTPases, e.g., Rab8 and Rab11 ([@bib51]; [@bib49]; [@bib26]; [@bib62]). Interestingly, Rab8- or Rab11-deficient mice display a similar intestinal phenotype to MVID, although Rab8/11 mutations in MVID patients have not been reported so far ([@bib54]; [@bib59]).

Recently, we identified mutations in *STX3*, an apical t-SNARE protein, as cause for a variant form of MVID ([@bib72]). This finding suggested that Myo5B and Syntaxin 3 (Stx3) may somehow function together in apical vesicle transport. Recent studies have added to the understanding of the molecular mechanism of Myo5B and Rab small GTPase interplay in the context of epithelial polarity and the pathophysiology of MVID ([@bib49]; [@bib27]; [@bib62]). Yet, the exact cascade and the molecular mechanism of apical targeting of exocytic cargo carriers remained unclear.

To address these questions, we used genome editing to generate a CaCo2 model enterocyte cell line harboring an MVID patient mutation (1125G\>A). Here, we show that Myo5B selectively transports apical cargo proteins, e.g., sodium/hydrogen-exchanger 3 (NHE3) and cystic fibrosis transmembrane conductance regulator (CFTR), in concert with Rab8, Rab11, synaptotagmin-like protein 4a (Slp4a), and Stx3 for subsequent apical exocytosis. Loss of Myo5B or Stx3 disrupts this selective apical exocytosis, but the brush border enzymes dipeptidyl peptidase IV (DPPIV) and sucrase-isomaltase (SI) appeared generally unaffected and still correctly localized at the apical plasma membrane. Based on these results, we propose that the defects in selective Myo5B/Stx3/Slp4a/Vamp7/Munc18-2--dependent apical cargo transport of epithelial cells account for the clinical hallmark of MVID, the severe diarrhea, and thus provide further insight into MVID pathophysiology.

Results {#s02}
=======

Targeted mutation of endogenous Myo5B disrupts epithelial polarity and mimics MVID {#s03}
----------------------------------------------------------------------------------

Research on Myo5B function and MVID pathophysiology has been hampered by the lack of adequate disease models or cell lines. Therefore, we first generated a genetically solid knockin (KI) cell line, mimicking a reported patient stop codon mutation 1125G\>A ([@bib51]). We edited the genome of CaCo2, a human enterocyte model cell line, with custom-designed zinc finger nucleases (ZFNs; [Fig. 1 A](#fig1){ref-type="fig"}). Introducing the premature stop codon led to Myo5B depletion on protein ([Fig. 1 B](#fig1){ref-type="fig"}) and cytoplasmic RNA levels ([Fig. 1 C](#fig1){ref-type="fig"}), indicating the degradation of mRNA via the nonsense-mediated decay pathway. This pathway is part of the cellular quality control of gene translation and degrades mRNA containing premature stop codons to prevent translation of the erroneous transcript ([@bib4]). Yet, expression levels of the two isoforms, Myo5A and Myo5C, were not altered upon depletion of Myo5B, suggesting that no compensatory regulation was taking place ([Fig. 1 C](#fig1){ref-type="fig"}).

![**Generation and characterization of Myo5B KI cells.** (A) Scheme of ZFN-mediated double-strand break and homologous recombination via a short oligonucleotide to introduce the 1125G\>A premature stop codon mutation into the CaCo2 genome. (B) Western blot showing Myo5B protein levels of WT, Myo5B KI, and HS-Myo5B--reverted cells. (C) Cytoplasmic mRNA expression levels of Myo5A and Myo5C are not altered upon the depletion of Myo5B. Expression levels were assessed by qRT-PCR. Three independent experiments. (D) Polarity is disrupted upon Myo5B depletion in 3D cyst formation assay in comparison to WT cells (left to right: 24 h, 48 h, 3 d, and 7 d). Bars, 10 µm. (E) Quantification of single lumen formation. *n* ≥ 100 cysts/experiment; three independent experiments. (F) Scanning electron micrographs of the apical brush border in 2D CaCo2 cultures. Microvilli of Myo5B KI cells are reduced in size and number. Bars, 5 µm. (G) Transmission electron micrographs of the apical part of CaCo2 show scarce, short microvilli (arrows) and prominent subapical vesicle accumulations (arrowheads) in Myo5B KI cells. Bars, 1 µm. Mean ± SD. \*\*\*, P \< 0.005. n.s., not significant.](JCB_201506112_Fig1){#fig1}

To investigate the potential to establish epithelial polarity, wild-type (WT) and Myo5B KI cells were grown on porous filter supports (monolayer, 2D; [@bib62]; [@bib72]) or embedded in extracellular matrix (cysts, 3D; [@bib24]; [@bib13]) to allow full polarization of the cells. In 3D ([Fig. 1 D](#fig1){ref-type="fig"}), WT cells fully polarized, and the brush border enzyme DPPIV was transported to the apical surface only. Furthermore, WT cysts developed one single central lumen. In contrast, KI cells showed a significantly decreased ability to properly establish epithelial polarity. DPPIV was not exclusively transported apically at first and only localized to the apical membrane later. Moreover, KI cysts formed multiple disorganized lumina ([Fig. 1, D and E](#fig1){ref-type="fig"}). This severe KI phenotype was reverted ([Fig. 1 E](#fig1){ref-type="fig"}) by reintroducing WT Myo5B protein.

Electron microscopic analysis of KI monolayers revealed subcellular features phenocopying the hallmarks of MVID (which also were rescued; [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201506112/DC1){#supp1}). Brush border microvilli were reduced in number and length ([Fig. 1, F and G](#fig1){ref-type="fig"}), and microvillus inclusions occurred regularly (Fig. S1 B). Additionally, vesicles of different shapes and sizes accumulated subapically, sometimes containing PAS-reactive material ([Fig. 1 G](#fig1){ref-type="fig"} and Fig S1, B and C), similar to the heterogeneous vesicle clusters known from MVID patients ([@bib23]).

According to ultrastructure and electron tomography, most of them resembled early or recycling endosomes or exocytic/secretory compartments rather than late endosomes/lysosomes (Fig. S1 D). For their further characterization, we fed WT and KI cells with the fluid phase tracers HRP and colloidal gold conjugated to BSA (BSA-Au). Neither HRP nor BSA-Au was found within the subapical vesicle clusters of KI cells after 2 h of incubation, whereas both tracers readily labeled all compartments of the canonical early endosome--multivesicular body--lysosomal pathway (Fig. S1 E). Therefore, we consider the vesicle accumulations in KI cells as exocytic/secretory and/or recycling endosomal compartments. Collectively, the use of genome editing to deplete Myo5B resulted in a suitable human MVID model cell line that resembles the major phenotypical hallmarks of MVID.

Myo5B and Stx3 participate in the Rab11/8 cascade {#s04}
-------------------------------------------------

Stx3 is part of the Rab11/8 cascade ([@bib18]), and mutations in *STX3* also cause MVID ([@bib72]). Additionally, Myo5B was shown to be the effector of Rab8 and Rab11 ([@bib51]; [@bib49]; [@bib26]; [@bib62]). Therefore, we next tested whether Myo5B can be linked mechanistically to the same vesicle tethering and fusion cascade, which requires interaction with Sec15, an essential subunit of the exocyst complex ([@bib25]; [@bib45]), Rab11a, Rab8a, Slp4a, a v-SNARE--like protein, and Stx3. We performed coaffinity purification experiments for CaCo2 cells expressing HA--Strep-Tactin II (HS)--tagged human Rab8a and Rab11a in the active, GTP-locked state ([@bib40]; [@bib64]) as well as the CaCo2-specific WT isoform of Myo5B ([@bib48]). Coaffinity purification is substantially based on the strong affinity of the HS tag on the bait protein to Strep-Tactin on Sepharose beads, which purify the bait proteins and their interaction partners from cellular lysates ([@bib55]). Both Rab8a_Q67L ([Fig. 2 A](#fig2){ref-type="fig"}) and Rab11a_Q70L ([Fig. 2 B](#fig2){ref-type="fig"}) interacted with Sec15, Slpa4, Rab3B, Stx3, and vice versa with Rab11a and Rab8a. These findings confirm that the exocytic Rab11/8 cascade also exists in polarized enterocytes, therefore being most likely a general mechanism of epithelial cells. Interestingly, Myo5B interacted with all members of this cascade ([Fig. 2 C](#fig2){ref-type="fig"}), suggesting that it may contribute to cargo trafficking through this pathway.

![**Analysis of the Rab11/Rab8 cascade in CaCo2.** (A) Rab8a_Q67L interacts with proteins of the apical trafficking route: Sec15, Slp4a, Stx3, Rab11a, and Rab3b. Strep-Tactin was used for coaffinity purification (co-AP). (B) Same as is in A with Rab11a_Q70L as bait and Rab8a interaction. (C) Myo5B interacts with all proteins of the apical trafficking route (compare with A and B). (D) Stx3 localizes correctly during cyst development of Myo5B KI cells despite the overall disrupted polarity (left to right: 24 h, 48 h, 3 d, and 7 d); AMIS is marked by white arrowheads. Bars, 10 µm.](JCB_201506112_Fig2){#fig2}

Confocal immunofluorescence (IF) microscopy of polarized monolayers further showed that Rab8a, Rab11a, and Myo5B were observed predominantly at the apical brush border where they colocalized with Stx3, supporting their cooperation in apical exocytosis ([Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201506112/DC1){#supp2}). Because Myo5B depletion alters the localization of active Rab8a/11a ([Fig. S3, A and B](http://www.jcb.org/cgi/content/full/jcb.201506112/DC1){#supp3}; [@bib27]), we studied how Myo5B contributes to the subcellular localization of Stx3. In growing WT cysts, Stx3 was mainly found on apical membranes. Despite the severe defects in polarization of, and the formation of multiple lumina in, growing KI cysts, Stx3 still localized to the apical domains, the apical membrane initiation site (AMIS; [@bib5]), as well as the brush border ([Fig. 2 D](#fig2){ref-type="fig"}). Interestingly, the apical targeting of Stx3 does not require Myo5B and is most likely mediated via *PI45P2* and the transmembrane domain of Stx3 ([@bib18]). Based on these results, we conclude that Myo5B functions downstream of, or together with, Stx3 to control the traffic of exocytic cargo to the apical membrane, rather than the identity/compartmentalization and fundamental composition of the apical domain.

Stx3, Rab8a, and Rab11a are essential for epithelial polarity formation {#s05}
-----------------------------------------------------------------------

Our results suggest that the motor protein Myo5B might be a possible effector of the Rab11a/Rab8a cascade in collaboration with Stx3 in the exocytosis route of apical cargo ([Fig. 2, A--C](#fig2){ref-type="fig"}; [@bib18]). Additionally, a time course of developing WT cysts expressing tagged active versions of Rab8a, Rab11a, or Myo5B revealed a partial localization of Rab8a to the AMIS together with Stx3 ([Fig. 3 A](#fig3){ref-type="fig"}) and distinct colocalization of Rab11a/Myo5B together with Stx3 on vesicles surrounding the de novo forming apical domain ([Fig. 3, B and C](#fig3){ref-type="fig"}). Thus, depletion of these proteins could phenocopy Myo5B deletion. To test this hypothesis, we deleted Stx3 and Rab8a using CRISPR/Cas9-mediated double-strand breaks and depleted Rab11a via RNAi in CaCo2 cells (Fig. S3, C--E). This led to a strongly disturbed polarity phenotype in 3D cysts ([Fig. 3, D and E](#fig3){ref-type="fig"}) as reported previously from MDCK cells ([@bib5]; [@bib18]). These phenotypes were fully reverted by reexpression of the respective protein (using expression constructs resistant to the targeting sequences; [Fig. 3 E](#fig3){ref-type="fig"}). These results show that Stx3, Rab8, and Rab11 are essential for the establishment of proper epithelial polarity. Together with Myo5B, they collaborate in the targeted transport of vesicles toward the apical plasma membrane.

![**Stx3, Rab8a, and Rab11a are pivotal for epithelial polarity.** (A) Rab8a_Q67L partly colocalizes with Stx3 at the AMIS (third and fourth columns). (B) Localization of Rab11a_Q70L changes from the periphery to the AMIS, colocalizing with Stx3 as soon as lumen formation starts (third and fourth columns). (C) Myo5B localizes to the periphery (first and second columns) but shows high colocalization with Stx3 at the AMIS (third and fourth columns) when lumen formation begins. (D) Depletion of Stx3 (gSTX3), Rab8a (gRab8a), and Rab11a (shRab11a) results in disrupted cyst polarity (7 d). The apical enzyme DPPIV still localizes correctly (green). (E) Quantification of single lumen formation. Mean ± SD. \*\*\*, P \< 0.005. *n* ≥ 100 cysts/experiment; three independent experiments. White boxes in A--C indicate detailed views in separate colors. Bars: (A--C) 10 µm; (magnifications) 1 µm; (D) 10 µm.](JCB_201506112_Fig3){#fig3}

Differential binding of Myo5B with Rab GTPases defines Stx3 interaction {#s06}
-----------------------------------------------------------------------

By introducing specific mutations to Myo5B that selectively affect the binding to Rab8 or Rab11 ([@bib49]), it has been previously demonstrated that apical membrane trafficking in polarized epithelial cells requires Myo5B to interact with Rab8 and Rab11. To mechanistically dissect how Myo5B contributes to cargo exocytosis, we used mutations in the globular tail domain (GTD) of Myo5B (Myo5B-GTD), which selectively affect the binding to Rab8 or Rab11 ([@bib49]). Therefore, we expressed Myo5B_LC (impairs Rab8a binding), Myo5B_ER (disrupts Rab11a binding), or the Myo5B_LC/ER mutant in KI cells. When these mutants were coaffinity purified ([Fig. 4 A](#fig4){ref-type="fig"}), it became clear that the binding of Myo5B to Rab11a is crucial for stabilizing the interaction with Sec15. Furthermore, expression of the Myo5B-LC/ER mutant reduced the Stx3 interaction, although in vitro Stx3 and Myo5B-GTD can potentially interact in a direct manner (Fig. S3 F). Microscopy studies also revealed that Rab binding--deficient mutants of Myo5B did not localize strictly to the apical plasma membrane anymore, and concomitantly colocalization with the apical Stx3 was strongly reduced ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201506112/DC1){#supp4}). These findings imply that Rab11a is essential for a proper recruitment of Myo5B, which appears to be the active motor protein transporting the cargo vesicle to the close proximity of Stx3. Additionally, expression of Myo5B mutants did not prevent the accumulation of subapical vesicles ([Fig. 4 B](#fig4){ref-type="fig"}), further emphasizing the importance of regulated Myo5B binding to both Rab8a and Rab11a. In line with these results, the disrupted polarity was not rescued upon reexpression of Rab-binding mutants of Myo5B ([Fig. 4 C](#fig4){ref-type="fig"}). These findings suggest that the interaction of Rab11 (and possibly Rab8) with Myo5B-GTD is a prerequisite to mediate the interaction of cargo vesicles with the t-SNARE Stx3 at the apical plasma membrane.

![**Rab8a and Rab11a binding of Myo5B is important for its proper function.** (A) Sec15 and Stx3 interaction is reduced in Rab11a and Rab8a/11a binding--deficient mutants of Myo5B. Strep-Tactin was used for coaffinity purification (co-AP). (B) Rab binding--deficient mutants of Myo5B fail to rescue the brush border defects (arrows) and the subapical accumulation of vesicles (arrowheads) in Myo5B-depleted cells. Bars, 1 µm. (C) Quantification of single lumen formation shows that Rab binding--deficient mutants of Myo5B fail to rescue the polarity defect upon Myo5B depletion. Mean ± SD. \*\*\*, P \< 0.005. *n* ≥ 100 cysts/experiment; three independent experiments.](JCB_201506112_Fig4){#fig4}

Myo5B depletion disrupts specific v-SNARE--t-SNARE interaction {#s07}
--------------------------------------------------------------

Next, we tested our hypothesis that Myo5B moves exocytic vesicles toward the proximity of the plasma membrane to allow subsequent fusion. For this, the v-SNARE Vamp3 and v-SNARE--like protein Slp4a---both reported to be involved in apical trafficking ([@bib17]; [@bib18])---and the t-SNARE Stx3 were HS tagged and expressed in CaCo2 WT and KI cells. Coaffinity purification experiments demonstrated that the interaction of Vamp3 with Stx3, Rab11a, and Rab8a remained unaffected by Myo5B depletion ([Fig. 5, A, C, and D](#fig5){ref-type="fig"}). In contrast, the interaction of Slp4a with Stx3 required Myo5B ([Fig. 5 B](#fig5){ref-type="fig"}). Consistently, Stx3 failed to interact with Sec15, Rab11a, Rab8a, and Rab3b upon depletion of Myo5B ([Fig. 5 C](#fig5){ref-type="fig"}). We conclude that Myo5B transports the cargo vesicles loaded with Rab11a, Rab8a, Sec15, and the v-SNARE--like Slp4a toward the apical plasma membrane, where Stx3-mediated vesicle fusion occurs.

![**Myo5B is required for Slp4a--Stx3 interaction.** (A) Interaction between v-SNARE Vamp3, Rab11a, Rab8a, and Rab3b is not affected by Myo5B depletion. (B) Interaction between v-SNARE--like Slp4a and t-SNARE Stx3 is abolished upon Myo5B depletion. The interaction with Rab8a and Rab3b is not affected. (C) v-SNARE Stx3 fails to pull down proteins of the apical cargo trafficking pathway, Sec15, Rab11a, Rab8a, or Rab3b, when Myo5B is deleted. Interaction with t-SNARE Vamp3 remains unaffected (compare with A). (D) Interaction between SM protein Munc18-2 with Stx3 and apical v-SNARE Vamp7 with Stx3 is strongly reduced upon deletion of Myo5B, whereas Vamp8/Stx3 and Vamp3/Stx3 interaction seems unaffected. (E) Active Rab11a affinity purifies Vamp7 but active Rab8a or Myo5B. Munc18-2 and Vamp8 do not interact with any of the bait proteins. (A--E) Strep-Tactin was used for coaffinity purification (co-AP).](JCB_201506112_Fig5){#fig5}

Because Slp4a--Stx3 binding has been previously shown to be mediated by the interaction with the Sec1/Munc18-like (SM) protein Munc18-2 ([@bib15]), we wondered whether Stx3--Munc18-2 binding was also affected by Myo5B depletion. Indeed, Stx3--Munc18-2 interaction was strongly reduced in Myo5B KI cells ([Fig. 5 D](#fig5){ref-type="fig"}). Additionally, we tested the interaction of Stx3 with two other apical v-SNAREs, i.e., Vamp7 and Vamp8 ([@bib43]; [@bib67]). Myo5B deletion strongly reduced the interaction of Vamp7 with Stx3, but Vamp8--Stx3 binding remained unaffected ([Fig. 5 D](#fig5){ref-type="fig"}). Interestingly, Vamp7 interacted with active Rab11a but not with active Rab8a or Myo5B ([Fig. 5 E](#fig5){ref-type="fig"}).

To assess whether Myo5B was indeed required for the delivery of apical cargoes in epithelial cells, we used an established model cargo for apical exocytosis. Full-length Influenza A HA ([@bib22]) was expressed in WT and KI cells, and its apical delivery was monitored by confocal fluorescence microscopy. In WT cells, the majority of HA was found at the apical surface. In contrast, upon the deletion of Myo5B, the majority of HA was detected intracellularly, and only a small portion was delivered to the cell surface ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201506112/DC1){#supp5}). Collectively, Myo5B seems crucial for the cognate v- and t-SNARE interaction needed for membrane fusion.

Myo5B and Stx3 conduct selective apical cargo trafficking {#s08}
---------------------------------------------------------

We next asked which apical cargo proteins are transported via the Myo5B-, Spl4a-, and Stx3-dependent pathway. Therefore, we determined whether the apical transport of three functionally distinct transmembrane transporters, NHE3 ([@bib74]; [@bib73]), CFTR ([@bib61]), and glucose transporter 5 (GLUT5; [@bib63]), required Myo5b. All three are pivotal transporters. NHE3 mislocalizes in MVID patients ([@bib2]), and CFTR in particular was shown to be Myo5B dependent ([@bib60]). In WT cells, all three transporters localized to the apical surface of enterocytes. In contrast, upon deletion of Myo5B, NHE3, CFTR, and GLUT5 were no longer found strictly apical, but localized in a more vesicular pattern scattered throughout the cytoplasm ([Fig. 6 A](#fig6){ref-type="fig"} and Fig. S5 B). Additionally, NHE3 mislocalized similarly when Stx3 was deleted ([Fig. 7 B](#fig7){ref-type="fig"}), but localized apically upon deletion of Vamp3 ([Fig. 8 C](#fig8){ref-type="fig"} and Fig. S3 G).

![**Myo5B mediates selective cargo transport.** (A) NHE3 resides apically in WT (brush border actin is stained), but mislocalizes throughout the cytoplasm upon Myo5B deletion. Bars, 10 µm. (B) GLUT5 localizes at the apical plasma membrane in WT, but appears dispersed in the cytoplasm upon deletion of Myo5B. DPPIVs apical localization seems unaffected. Arrowheads on the left mark the corresponding XY and XZ planes. Quantification and statistical analysis of indicated cargo/enzyme localization is shown to the right of corresponding confocal micrographs. Bars, 10 µm. Mean ± SD. \*\*\*, P \< 0.005. *n* ≥ 100 cells. api, apical/brush border plane; mid, middle/nuclear plane.](JCB_201506112_Fig6){#fig6}

![**Myo5B and Stx3 deletion results in selective cargo mislocalization.** (A) Depletion of Stx3 (gStx3) or the expression of a dominant-negative Stx3 (mCitrine-Stx3_1-247) mutant does not affect the correct apical localization of DPPIV. Stx3_1-247 expression results in disrupted polarity (multilayer formation; [@bib72]). (B) NHE3 is mislocalized from the brush border (highlighted by actin staining) to the cytoplasm in Stx3-depleted cells (gSTX3). (C) Correct localization of aminopeptidase N to the brush border (highlighted by actin staining) upon deletion of Myo5B. Arrowheads on the left mark the corresponding XY and XZ planes. Quantification and statistical analysis of indicated cargo/enzyme localization is shown to the right of corresponding confocal micrographs. Mean ± SD. \*\*\*, P \< 0.005. *n* ≥ 100 cells. Bars, 10 µm. api, apical/brush border plane; mid, middle/nuclear plane.](JCB_201506112_Fig7){#fig7}

![**Deletion of Myo5B and Stx3, but not Vamp3, results in selective cargo mislocalization.** (A) Apical localization of SI seems unaltered upon deletion of Myo5B or Stx3 (gSTX3). (B) Apical localization of DPPIV seems unaltered upon deletion of Vamp3 (gVamp3). (C) Apical localization of HS-NHE3 seems unaltered upon deletion of Vamp3 (gVamp3). Arrowheads on the left mark the corresponding XY and XZ planes. Quantification and statistical analysis of indicated cargo/enzyme localization is shown to the right of corresponding confocal micrographs. Mean ± SD. \*\*\*, P \< 0.005. *n* ≥ 100 cells. Bars, 10 µm. api, apical/brush border plane; mid, middle/nuclear plane.](JCB_201506112_Fig8){#fig8}

Interestingly, the apical brush border enzymes DPPIV ([Figs. 1 D](#fig1){ref-type="fig"}, [6 B](#fig6){ref-type="fig"}, and [8 B](#fig8){ref-type="fig"}), aminopeptidase N ([Fig. 7 C](#fig7){ref-type="fig"}), and SI ([Fig. 8 A](#fig8){ref-type="fig"}) still localized properly at the apical brush border. Previous work suggested that these enzymes are delivered apically via Stx3 ([@bib70]). However, upon deletion of Stx3 or overexpression of a dominant-negative Stx3 mutant lacking the transmembrane domain (Stx3_1-247; [@bib72]), the localization of DPPIV ([Figs. 3 D](#fig3){ref-type="fig"} and [7 A](#fig7){ref-type="fig"}) and SI ([Fig. 8 A](#fig8){ref-type="fig"}) appeared unchanged in enterocytes. These findings strongly suggest that DPPIV, SI, and aminopeptidase N are transported independently of Myo5B, Slp4a, Vamp3, and Stx3, presumably via an alternative transport route.

Altogether, our results demonstrate that Myo5B, Slp4a, Munc18-2, Vamp7, and Stx3 function together and are thereby involved in selective apical transport of NHE3, CFTR, or GLUT5 in polarized epithelial cells.

Stx3 interacts with Rab GTPase-activating proteins (GAPs) {#s09}
---------------------------------------------------------

In addition to the observed exocytosis defect upon Myo5B deletion, we were interested in the mechanism underlying the termination of the proposed cascade. In *Saccharomyces cerevisiae*, the conserved Rab/Myo5 cascade is terminated at the plasma membrane via the recruitment of a Rab GAP ([@bib10], [@bib11]). We tested whether this also holds true for the cascade of apical cargo exocytosis in polarized epithelial cells. We expressed HS-tagged GAP proteins TBC1D30, a Rab8a GAP, and Evi5, a Rab11a GAP. Both GAPs are known to regulate their respective Rab GTPases in the context of epithelial polarity ([@bib75]; [@bib5]; [@bib71]; [@bib3]; [@bib33]). Pull-down experiments revealed that both GAPs interacted with Stx3, Myo5B, and Slp4a ([Fig. 9 A](#fig9){ref-type="fig"}). However, only TBC1D30 coaffinity purified Sec15 ([Fig. 9 A](#fig9){ref-type="fig"}). To further evaluate the interaction, Stx3, TBC1D30, Evi5, and Snap23a as a positive control ([@bib17]) were expressed in *Escherichia coli* and purified. Indeed, both TBC1D30 and Evi5 interacted in a direct manner with Stx3 ([Fig. 9, B--D](#fig9){ref-type="fig"}), indicating that Stx3 recruits the Rab GAP proteins to the apical plasma membrane. To test this hypothesis, we compared the localization of both GAPs in CaCo2 WT and Stx3-depleted cells. In WT cells, Evi5 was found at the apical plasma membrane but was more dispersed in the cytoplasm in the absence of Stx3 ([Fig. 9 E](#fig9){ref-type="fig"}). Interestingly, the distribution of TBC1D30 seemed mostly unaffected upon the deletion of Stx3 (not depicted). This could be the result of other (to us unknown) interaction partners.

![**Rab8a/Rab11a GAPs interact with Stx3.** (A) TBC1D30 and Evi5 interact with Stx3 and partially with proteins of apical cargo trafficking in CaCo2 cells. Strep-Tactin was used for coaffinity purification (co-AP). (B) TBC1D30 and Stx3 interact directly in vitro. GST alone was used as a negative control. (C) Evi5 and Stx3 interact directly in vitro. GST alone was used as a negative control. The asterisk indicates the GST degradation background band. (D) In vitro interaction of Snap23a and Stx3 was used as a positive control for B and C. (E) Evi5 localizes at the apical plasma membrane in WT but appears dispersed in the cytoplasm upon deletion of Stx3 (gStx3). Arrowheads on the left mark the corresponding XY and XZ planes. Bars, 10 µm. IB, immunoblotting.](JCB_201506112_Fig9){#fig9}

Collectively, these data show that the Rab8/11 GAPs interact with Stx3 at the apical plasma membrane. At this state, the cargo vesicle is presumably tethered to the plasma membrane via the exocyst complex and undergoes fusion via v-SNARE--t-SNARE interaction, as exemplified by Sec15--Slp4a interaction with the GAP proteins ([Fig. 9 A](#fig9){ref-type="fig"} and [Fig. 10, A and C](#fig10){ref-type="fig"}).

![**Schematic summary.** (A) Cargo vesicles are delivered to the apical plasma membrane in dependence on Rab11a, Rab8a, and Myo5B. The v-SNARE--like Slp4a is recruited to the vesicle via Rab27, Rab8a, and Rab3b and binds the t-SNARE Stx3 together with the SM protein Munc18-2 to allow the vesicle to fuse with the plasma membrane. The v-SNARE Vamp7 interacts with Rab11a and Stx3. (B) Upon depletion of either Myo5B or Stx3, cargo vesicles are no longer delivered properly. (C) Apical cargo transport is most likely terminated via the Rab GAPs TBC1D30 and Evi5, which interact with Stx3 at the apical plasma membrane and catalyze the transition to the inactive state of Rab8a and Rab11a. (D) Overview of apical cargo proteins in WT and mislocalization upon depletion of Myo5B or Stx3.](JCB_201506112_Fig10){#fig10}

Discussion {#s10}
==========

Exocytosis in polarized epithelial cells is a highly orchestrated process. Several players, such as Rab small GTPases, motor proteins, or fusion factors, are required for transporting cargo molecules through vesicular carriers toward either of the two plasma membrane domains. Defects in these processes often interfere with epithelial polarity and result in disease. Mutations in both the motor protein Myo5B and the t-SNARE Stx3 were shown to cause MVID in infants ([@bib37]; [@bib51]; [@bib72]). Because of the rareness of MVID, research has been mostly performed in ex vivo cell cultures through use of conventional RNAi approaches ([@bib51]; [@bib27]; [@bib62]). Here, we studied the function of Myo5B and its role in epithelial trafficking and exocytosis by using a human cell model that carries the 1125G\>A MVID patient mutation. This approach allowed us to further dissect the reported Rab11/Rab8 cascade ([@bib18]) and to establish Myo5B as the motor for selective cargo transport in dependence of Slp4a and Stx3. Additionally, we could show that the interaction between Myo5B and Stx3 relies on the recruitment of Myo5B by Rab11a. As the second Rab11 isoform Rab11b has a distinct function independent of Rab11a ([@bib30]), we focused on Rab11a and its established function in epithelial cells in this study.

Recent publications on Rab11a knockout mice have shown NHE3 mislocalization and MVID-like ultrastructural features ([@bib59]; [@bib28]), further strengthening our model of selective cargo transport ([Fig. 10, A--D](#fig10){ref-type="fig"}): apically destined cargo, such as NHE3, CFTR, or GLUT5, are transported via Rab11a/Rab8a and Myo5B toward the vicinity of the apical plasma membrane, where the exocyst tethers cargo vesicles and, subsequently, the v-SNARE--like Slp4a and the apical t-SNARE Stx3 mediate vesicle fusion. Conceivably, the interaction of Stx3 and the Rab GAPs TBC1D30 and Evi5 could then terminate the association of Rab GTPases and Myo5B from the vesicle's membrane at the apical plasma membrane to allow the Rab GTPases to recycle back into the cytoplasm ([Fig. 10 C](#fig10){ref-type="fig"}). Interestingly, this could imply that t-SNAREs serve as hubs to terminate several distinct incoming exocytosis routes. Especially regarding MVID, loss-of-function mutations or deletion of Myo5B, Stx3, or any other of the components involved prevent proper targeting ([Fig. 10 B](#fig10){ref-type="fig"}) and most likely result in subapical accumulation of cargo vesicles as seen in electron micrographs of patients and cell models. Only recently, the first two Myo5B knockout mouse models were published ([@bib6]; [@bib56]). These new models will be an adequate tool to further understand MVID, as both recapitulate MVID symptoms.

Based on a thorough dissection of the apical exocytosis route that requires Myo5B, Rab11a, Rab8a, Slp4a, Vamp7, Munc18-2, and Stx3, we provide additional insight into MVID pathophysiology. NHE3 is essential for intestinal sodium homeostasis, and NHE3 knockout mice suffer from intractable diarrhea ([@bib31]). Furthermore, NHE3 mislocalization was also reported from MVID ([@bib2]). Conceivably, upon disruption of the exocytosis cascade, NHE3 mislocalization could partially account for increased sodium loss in stools from MVID patients ([@bib52]). Furthermore, GLUT5 mislocalization likely contributes to intestinal malabsorption.

Decreased DDPIV and SI immunolabeling generally accompanies intestinal brush border atrophy. A few MVID cases and Rab8 and Rab11 knockout mice showed more intracellular enrichment of these enzymes ([@bib2]; [@bib46]; [@bib54]; [@bib27]; [@bib59]), opposing the apparently normal distribution of DPPIV/SI in our KI/mutant cell lines. Other work on MVID patient biopsies, however, revealed an intact biosynthetic pathway and exocytosis of DPPIV/SI ([@bib41]). Because our cell lines carry specific Myo5B and STX3 mutations, they allowed us to detect the selective cargo transport routes described here. However, they certainly do not reflect the whole variability of MVID ([@bib23]) caused by mutations of *MYO5B*, *STX3*, and possibly other still unknown genes.

How and why epithelial cells accomplish selective apical cargo transport remains unsolved. Apically destined cargo is shuttled via the Golgi apparatus and trans-Golgi network toward the plasma membrane. Presumably, signals defining the trafficking pathway, e.g., Rab GTPases, motor proteins, and finally v-/t-SNARE couplings, are encoded on the cargo proteins. NHE3, CFTR, and GLUT5, for example, are proteins containing several transmembrane helices. Furthermore, NHE3 ([@bib69]) and CFTR ([@bib36]) contain PDZ motifs at the C-terminal end, which GLUT5 does not. However, DPPIV, SI, and aminopeptidase N are heavily glycosylated proteins with a single transmembrane span, but not glycophosphatidylinositol anchored ([@bib39]). Yet, no commonalities possibly explaining the observed routing of these proteins seem obvious. Conceivably, DPPIV, SI, and aminopeptidase N might be transported to the apical plasma membrane on an alternative route that bypasses the apical recycling endosome. Thus, this route does not depend on the cascade presented here and uses different v-/t-SNARE couplings. Hence, further investigations are necessary for fully understanding the variety of selective cargo transport routes based on distinct cargo and v-/t-SNARE couplings.

Materials and methods {#s11}
=====================

Antibodies and reagents {#s12}
-----------------------

Primary antibodies directed against Rab8a (Western blotting \[WB\], 1:1,000; AT3535a; Abgent), Rab11a (WB, 1:1,000; ab128913; Abcam), Rab3b (WB, 1:1,000; 3F12; Abnova), Slp4a (WB, 1:500; HPA001475; Sigma-Aldrich), Sec15 (WB, 1:1,000; ED2003; Kerafast), Stx3 (WB, 1:1,000; IF, 1:100; 133750; Abcam), GST (WB, 1:5,000; Pharmacia), Vamp3 (WB, 1:500; NB300-510; Novus Biologicals), Vamp7 (WB, 1:1,000; ab36195; Abcam), Vamp8 (WB, 1:1,000; ab76021; Abcam), Munc18-2 (WB, 1:1,000; ab103976; Abcam), HA (WB, 1:1,000; IF, 1:500; MMS-101R; Covance), and HA (WB, 1:1,000; IF, 1:500; C29F4; Cell Signaling Technology) are commercially available. Myo5B antibody was described previously ([@bib51]). Primary α-tubulin (WB, 1:1,000; 12G10), DPPIV (IF, 1:100; HBB3/775/42), SI (IF, 1:100; HBB2/614/88), and aminopeptidase N (IF, 1:50; HBB2/614/88) were acquired from the Developmental Studies Hybridoma Bank. Secondary HRP-conjugated goat anti--mouse and goat anti--rabbit (1:5,000; Sigma-Aldrich) were used for WB. Actin filaments were labeled with phalloidin--Alexa Fluor 568 (1:500; Life Technologies). HRP (Sigma-Aldrich) and 5-nm BSA-Au (University Medical Center Utrecht) were used for fluid phase endocytosis. Secondary Alexa Fluor--conjugated (Alexa Fluor 488, 568, and 647) goat anti--mouse (1:1,000; Life Technologies), goat anti--rabbit (1:1,000; Life Technologies), and Hoechst 3342 (1:10,000; Thermo Fisher Scientific) were used for IF labeling.

Genome editing {#s13}
--------------

Custom ZFNs targeting the MYO5B locus were purchased from Sigma-Aldrich. EGFP and E2-crimson were cut out from parental plasmids (a gift from M. Frödin, University of Copenhagen, Copenhagen, Denmark; [@bib12]) and ligated into the ZFN backbones. Single-stranded oligonucleotides ([@bib8]) were used for homologous recombination introducing the 1125G\>A point mutation ([@bib51]). Screening for recombination events was done using single cell clones, PCR amplification (forward primer 5′-CCTCCTGAACCTATCTCCCC-3′ and reverse primer 5′-CCCAGGTAGCAGATAGAGCG-3′), and restriction enzyme digest with BtsI (New England Biolabs, Inc.), which was introduced via homologous recombination. Positive clones were expanded and genomic DNA was purified, PCR amplified, subjected to blunt end TOPO cloning (Invitrogen), and sent for Sanger sequencing. Sequence-verified clones were further tested for Myo5B protein and RNA expression. The highest (score of likelihood) eight predicted off-target hits (National Center for Biotechnology Information; basic local alignment search tool) were tested by Sanger sequencing and resulted as nottargeted/unaffected.

For CRISPR/Cas9-mediated depletion, guide RNA (gRNA) targeting sequences for Rab8a (5′-GAACTGGATTCGCAACATTG-3′), Vamp3 (5′-AAGTCTTCGATTACTGCCAG-3′), and Stx3 (5′-TGAGATTGCTATCGACAACA-3′) were selected using an online prediction tool (CRISPR Design; Zhang lab, Massachusetts Institute of Technology; [@bib21]). gRNAs were cloned into a lentiCRISPRv2 vector via BsmBI restriction enzyme sites. lentiCRISPRv2 was a gift from F. Zhang (Massachusetts Institute of Technology, Cambridge, MA; Addgene plasmid 52961; [@bib53]). Lentiviral transduction was performed as described in the following paragraph. Depletion efficiency was verified via WB, and a gRNA-resistant cDNA was used for rescue experiments.

Plasmids and lentivirus production {#s14}
----------------------------------

Human Myo5B, Rab8a, Rab11a, Stx3, Evi5, TBC1D30 (a gift from J. Peränen, University of Helsinki, Helsinki, Finland), Snap23a, Slp4a, and Vamp3 were amplified via PCR from cDNA/plasmids and ligated into a pENTR-HS vector (a gift from S. Geley, Innsbruck Medical University, Innsbruck, Austria). HA ([@bib22]) was cloned into a pENTR207 (Invitrogen) vector. Point mutations were introduced via PCR-based site-directed mutagenesis (Rab8a_Q67L, Rab11a_Q70L, Myo5B_Q1300L/Y1307C, Myo5B_Y1714E/Q1748R, and Myo5B_Q1300L/Y1307C/Y1714E/Q1748R). For lentiviral transduction, cDNA was further subcloned via LR clonase into a pCCL-EF1α-BlastiR-DEST lentiviral vector using Gateway Cloning Technology (Invitrogen). mCitrine-Stx3_1-247 has been described previously ([@bib72]).

shRNA sequence targeting Rab11a (5′-GTCCATTTCCCAGGTCTGAGATTTA-3′) was cloned into a pENTR-THT3 vector using BglII and HindIII sites. Sequence-verified plasmids were used to subclone via LR clonase into either pHR-SFFV-Neo-DEST or pGLTR-X-Puro-DEST (a gift from S. Geley) lentiviral shRNA expression plasmids ([@bib58]).

Lentiviral plasmids were cotransfected with Lipofectamine LTX (Invitrogen) together with pVSV-G and psPAX2 in the Hek293LTV producer cell line. Viral supernatant was harvested 48 and 72 h after transfection and directly used for CaCo2 cell infection. 6 d after infection, cells were selected with 10 µg/ml puromycin (Sigma-Aldrich) or 20 µg/ml blasticidin S (Invitrogen).

Cell culture {#s15}
------------

Hek293LTV, CaCo2 WT, and KI cells were cultured in DMEM (Sigma-Aldrich) containing high glucose, sodium pyruvate, 100 U/ml penicillin (Sigma-Aldrich), 100 µg/ml streptomycin (Sigma-Aldrich), 5% nonessential amino acids (Gibco), and 10% FBS (Gibco) in a humidified atmosphere with 5% CO~2~ at 37°C. For experiments requiring fully polarized growth conditions, CaCo2 cells were seeded on 24-mm or 75-mm filters (Costar Transwell; pore size of 0.4 µm; Corning) and cultured for 14--28 d.

Quantitative real-time PCR (qRT-PCR) {#s16}
------------------------------------

Cytoplasmic RNA was isolated using an RNeasy Mini kit (QIAGEN). cDNA was transcribed with specific primers and the First Strand cDNA Synthesis kit (Thermo Fisher Scientific). qRT-PCR was performed with a SYBR green qPCR kit (DyNamo ColorFlash; Thermo Fisher Scientific) and the following primers: Myo5A forward (5′-TGAACGAAATCAGTCCATCATCG-3′) and reverse (5′-CGGCTGCTATTATCATTCCTGGT-3′), Myo5B forward (5′-TCCCTGACCCTGATGAGGTAT-3′) and reverse (5′-GACTCCAGGAAACGGACCTT-3′) Myo5C forward (5′-ACACGCAGTACAACAGGGTC-3′) and reverse (5′-GATGTCAGGATTCCGAAGTGG-3′), and GAPDH forward (5′-CGGAGTCAACGGATTTGGTCGTAT-3′) and reverse (5′-AGCCTTCTCCATGGTGGTGAAGAC-3′).

Coaffinity purification assays and WB {#s17}
-------------------------------------

For coaffinity purification of HS-tagged proteins, Strep-Tactin purification was performed as described previously ([@bib19]). In brief, polarized CaCo2 cells were scraped and lysed in NP-40--containing lysis buffer. After separation of nuclei/DNA, lysates were passed by Strep-Tactin resin (IBA Bio TAGnology) in columns (MoBiTec Molecular). Affinity-captured proteins were washed and eluted with biotin ([@bib19]). CaCo2 cells expressing HS-EGFP were used as a control. WB was performed essentially as described previously ([@bib14]). Polyvinylidene fluoride membranes were incubated with primary antibody at room temperature for 1 h or overnight at 4°C. Secondary antibody incubation was performed for 1 h at room temperature. Chemiluminescence was exposed on films.

IF microscopy {#s18}
-------------

IF labeling of CaCo2 cells grown on Transwell filters was performed essentially as described previously ([@bib72]). 3D cyst cultures were processed as previously described ([@bib24]), mounted in mowiol. Samples were analyzed at room temperature with an epifluorescent microscope (Axio Imager M1; Carl Zeiss) equipped with a charge-coupled device camera (SPOT Xplorer; Visitron Systems) and recorded with VisiView 2.0.3 (Visitron Systems). Objective lenses used were a 25× oil immersion objective (numerical aperture of 0.8) and a 10× air objective (numerical aperture of 0.3; Carl Zeiss). Single confocal planes or stacks were recorded with a confocal fluorescence microscope (SP5; Leica) using a glycerol 63× lens with a numerical aperture of 1.3 (Leica) at room temperature and mounted in mowiol. The recording software used was LASAF 2.7.3 (Leica). Images were deconvolved with Huygens Professional Deconvolution and Analysis Software (Scientific Volume Imaging), exported using Imaris 3D rendering (Bitplane), and adjusted for brightness, contrast, and pixel size.

In vitro interaction studies {#s19}
----------------------------

Stx3 and HS-tagged Evi5, TBC1D30, and Snap23a were cloned into a pENTR221 backbone separated by a ribosomal binding site for bicistronic expression in *E. coli* by BP clonase (Invitrogen). Negative controls were constructed the same way, but with a stop codon instead of Stx3. The resulting pENTR221 vectors were subcloned via an LR clonase reaction into a pGEX-3P-DEST vector, which results in the addition of an N-terminal GST tag to the Stx3 reading frame. Myo5B-GTD was amplified by PCR (amino acids 1,237--1,823) and subcloned into a pENTR-HS vector via EcoRV and XbaI restriction enzyme sites. HS--Myo5B-GTD and HS-Stx3 were shuttled to a pDEST17 (Invitrogen) or pGEX-3P-DEST vector, respectively, via LR clonase. GST alone (pGEX-GST) was used as a negative control. Recombinant proteins were expressed in *E. coli*BL21 (DE3), and purification was performed as previously described ([@bib1]). GST-tagged proteins were purified with glutathione--Sepharose 4B (GE Healthcare), washed, and eluated with glutathione. HS-Stx3 was cleaved off from GST immobilized on beads with PreScission protease (GE Healthcare) following the provided instructions. Eluates were subjected to SDS gel electrophoresis, Coomassie stained, or analyzed via WB.

Electron microscopy {#s20}
-------------------

Transmission electron microscopy was performed as described previously ([@bib51]; [@bib66]). In brief, 2D cultures were cryofixed, freeze substituted, and embedded in plastic ([@bib51]). PAS-cytochemistry was performed on thin sections ([@bib51]); DAB cytochemistry for detecting HRP was performed after rehydration of freeze-substituted samples ([@bib66]). Scanning electron microscopy was performed as described previously ([@bib51]). Transmission electron tomography of 300-nm-thick sections was performed as described previously ([@bib66]). Dual axis tilt series were recorded on a transmission electron microscope (Tecnai-T20 G2; FEI) with 200 kV at 14,500× magnification from a negative to positive tilt angle of −65--65° (1° increment), with a 4,096 × 4,096--pixel digital camera at a binning of 2 (Eagle; FEI) and with Inspect3D software (FEI). Tomograms were reconstructed and modeled using IMOD software (University of Colorado, Boulder, CO; [@bib29]; [@bib66]).

Software and statistics {#s21}
-----------------------

The software used, if not already specified, were GIMP version 2.8.10 (GNU Image Manipulation Program; open source), ImageJ version 1.49a (National Institutes of Health), Photoshop CS6 (Adobe), Illustrator CS6 (Adobe), and iTEM-analySIS five (Olympus).

Cyst quantification represents the mean of *n* ≥ 100 cysts per experiment of at least three independent experiments, error bars represent the SD, and significances were analyzed applying Student's *t* test, unpaired and two-tailed. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.005.

Online supplemental material {#s22}
----------------------------

Fig. S1 shows further characterization of Myo5B KI cells. Fig. S2 shows colocalization of active Rab8a, 11a, and Myo5B with Stx3 at the apical plasma membrane. Fig. S3 depicts altered localization of active Rab8a and Rab11a upon deletion of Myo5B, as well as depletion efficiency for Stx3, Rab8a, Rab11a, and Vamp3. Fig. S4 shows localization studies of Rab binding--deficient Myo5B mutants. Fig. S5 exhibits altered localization of HA and CFTR upon deletion of Myo5B. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201506112/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201506112.dv>.
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